Barite-celestite (BC) crystals were treated in highly concentrated alkaline hydrothermal fluid (5 M KOH) coexisting with a Ti(OH)4·4.5H2O gel to produce SrTiO3 particles between 150 and 250 °C for several intervals between 6 h and 96 h. The BC transformation was initiated at a lower temperature (150 °C) and the total precursors consumption was completed at 250 °C for 96 h, resulting only in the crystallization of SrTiO3 particles. Different temperatures of reaction (≤200 °C) lead to variations in morphology and particle size of the SrTiO 3. The crystal growth of faceted cubic agglomerates was achieved at 250 °C, and it is provoked by the Oswald ripening mechanism. The release of barium to the hydrothermal fluid from the precursor occurred simultaneously with the transformation process. A low value of activation energy required for the single-step transformation of the BC plates into SrTiO3 particles was observed (26.33 kJ mol -1 ), under static hydrothermal conditions.
Introduction
Recently, increasing attention has been paid to the synthesis and characterization of perovskite materials [e.g., SrTiO3 (STO), BaTiO3 (BTO)] and their solid solutions [i.e., Ba1-xSrxTiO3 (BSTO)], because of their large nonlinear optical coefficient and dielectric constants. The STO is an indirect band gap semiconductor with a band gap of 3.4 eV(1) and has high thermal and chemical stability and a low thermal expansion coefficient, which are attractive features for a broad range of applications, including catalysts,(2, 3) electronics, and optoelectronics. (4) (5) (6) However, these characteristics are dependent on particle size, morphology, crystalline structural defects, and surface properties, which are defined by the conditions used in the synthesis method. The typical methods used to prepare either BSTO or STO involve high temperature via solid-state reaction,(7) combustion,(4) molten salt, (8) (9) (10) ) and pyrolysis; (11) however, recently, low-temperature soft chemical methods (1) (2) (3) 12) such as sol-gel, (13, 14) chemical coprecipitation, (15) and liquid-solid reactions, are being used, because of their simplicity, low cost, and environmentally friendly nature.
Soft chemistry routes such as the hydrothermal processing have been widely used to prepare BTO (16, 17) or STO (18) (19) (20) (21) (22) (23) particles with controlled sizes and specific morphologies by determining the optimal conditions of temperature and pH of the hydrothermal fluid. (24) Similarly, the use of different precursors (e.g., Ti-gel, (25) TiO2 powders, (22, 26) and strontium (Sr(NO3)2 salt) influences control of the crystallization process of cubic perovskite titanates. Some of the present authors have previously explored the use of high-purity sulfate mineral ores (i.e., SrSO4 as precursor mineral) for preparing inorganic compounds (i.e., SrCO3 (27) and SrF2 (28) ) via a single-step conversion. The solubility of SrSO4 mineral plays an important role to complete the conversion under alkaline fluids under hydrothermal conditions, because the solubility of the mineral hinders its dissolution, even in mild alkaline hydrothermal media (<1 M KOH). (29) The first evidence of the preparation of STO powders via the single-step transformation was reported by Rangel-Hernandez, (30) who studied the formation of STO particles exhibiting different particle size (0.2-6 m) and morphologies (peanut-like and pseudo-cubic) during the processing of a SrSO4 ore polycrystalline plate embedded into Ti(OH)4·4.5H2O gel in a highly concentrated KOH solution (5 M). The complete dissolution of the crystal plate occurred in a single step without the formation of secondary phases at 250 °C for 96 h, and the kinetic studies indicated that thi s reaction requires an activation energy of 27.9 kJ mol -1 . (30) In this case, the formation of STO particles is triggered by a massive dissolution of both SrSO4 plate and Ti-gel in the highly concentrated alkaline media. Consequently, the fluid saturation in solute produced the nucleation and subsequent crystal growth. Hence, the hydrothermal processing is a technique applicable to transform other low-cost mineral species (i.e., BC) to produce a perovskite-structured functional powders.
Barite-celestite mineral (hereafter referred as BC) is a mineral composed by a solid-solution series of SrSO4 (celestite) and BaSO4 (barite), the most common solid solution (Sr1-XBaXSO4), is found in highly pure celestite mineral reservoirs. This mineral ore is constituted by 65 wt % of SrSO4 containing barium as a major impurity and Ca in minor concentrations. (31) This mineral species has low commercialization value and it is commonly used for landfill purposes. Hence, in the present work, we investigate the use of this low-cost mineral to prepare functional perovskite structured compounds. The chemical reactivity and the reaction pathway toward the crystallization of perovskite structure of BSTO or STO were studied under high alkaline hydrothermal conditions. Hence, in the present work, we have directed our effort toward determining the feasibility for employing this low-cost mineral resource that contains two valuable elements, Sr and Ba, as a raw material for preparing functional perovskite-structure compounds.
The chemical reaction pathway of the BC crystals, the aspects of the synthesized STO powders (including particle size, morphology, and crystalline phase), and the kinetics associated with the single-step reaction were also investigated.
Experimental Procedure

2.1Precursor Material Preparation
2.1.1Barite-Celestite (BC)
Crystalline barite-celestite aggregates (BC, Sr1-XBaXSO4) were collected from a mineral reservoir in northeast Mexico in the Coahuila State. BC polycrystalline plates were obtained from the raw mineral by cutting square plates with dimensions of 6 ± 1 mm side and 2 ± 0.5 mm thick, using a diamond disk cutter machine. The plates were rinsed with deionized water and sonicated.
Preliminary powder X-ray analysis of the BC plates (Figure 1a) these contents correspond to 61.42 wt % SrSO4, 36.58 wt % BaSO4, and 1.4 wt % SrCO3. Low amounts (<0.6 wt %) of Ca, Na, Fe, and K were also determined as impurities in the plates.
Furthermore, microstructural analyses conducted by scanning electron microscopy (SEM)
indicated that the BC feedstock was constituted by two randomly distributed phases (see Figure   1a ). Microprobe punctual EDX analyses conducted in Areas 1 (light) and 2 (dark) in the plate revealed the chemical composition of two mineral phases (Figure 1b) . According to the EDX analyses, the light region (Area 1) corresponds to the solid solution of Sr0.75Ba0.25SO4, and the dark region (Area 2) corresponds to the strontium-rich Sr0.97Ba0.03SO4 phase. 
2.1.2Titanium Gel
Titanium hydroxide gel (Ti-gel) was selected as a Ti source and was prepared following the procedure reported elsewhere. (22) mL that corresponds to an inner vessel filling ratio of 40%. The autoclaves were sealed and placed in a forced-air convection oven, which was then heated to the selected reaction temperature (150-250 °C) and maintained for several reaction intervals (3 -96 h). After the hydrothermal treatment, the reaction products were separated from the remaining solution, rinsed, and sonicated with deionized water.
2.3Characterization of the Reaction Products
Powder XRD analyses were performed to identify the crystalline phases of the reaction products by using an X-ray diffractometer (Rigaku, Model RTP-300RC) with graphite-monochromatized Cu K radiation ( = 1.54056 Å) at 40 kV and 100 mA. The diffraction patterns were collected between 10° and 80° 2 , at a scanning speed of 4°/min in a 2 / scanning mode with a 0.02°
step. Lattice parameter a was calculated via the least-squares method, using Si as an internal standard. The morphology of the particles was observed by scanning electron microscopy (SEM) (Phillips, Model XL30 ESEM), and EDX analyses on 10 different spots were conducted to quantify the Sr and Ti atomic content. Particle size was calculated from 50 particles observed in the SEM images. Wet chemical characterization was conducted by inductively coupled plasmaatomic emission spectrometry (ICP-AES) (Model Multitype I ICP-9000, Shimadzu, Japan), to determine the barium content in the solution on the samples prepared at 150 and 250 °C. An aliquot of 1 mL was diluted to 100 mL, using a 1 M HNO3 solution. Three different solutions, containing 5, 10, and 50 ppm of Ba, were prepared, using a reagent-grade Ba standard solution (Wako Chemical, 1000 ppm). These solutions were employed to calibrate the ICP apparatus prior to the analysis of the solutions that remained after the hydrothermal treatments.
The kinetics related to the consumption of BC plates and the simultaneous formation of perovskite-structured powders was evaluated using the shrinking core ("SC") model for solidliquid systems reported elsewhere. (32, 33) This model considers a bulk solid dissolution step that occurs in the liquid phase, analogous to the chemical equilibrium related to the transformation of the BC ore into SrTiO3 in this study. The SC model assumes that the reaction rate (r) of the solid BC plate is controlled by the chemical reaction at the solid surface coupled with the diffusion through a solution boundary layer. Therefore, as a function of the consumption ratio ( ), the reaction rate can be written as follows: (1) where k is the reaction rate constant and f( ) is the function for the solid consumption. If we considered that WiBC is the weight of the remaining BC plate and WiST is the weight of the SrTiO3 product, then the fraction of mineral BC consumed ( ) can be determined at any reaction interval selected by using the expression = 1 -WiBC or = WiST. The consumption ratio ( ) of BC plate for each experimental hydrothermal treatment was determined using the remaining weight of the BC plate. The rate constant (k) was then determined from linear regression of the data portrayed in the ln(1 -) vs t plots. This particular expression make use of the empirical kinetic laws, in 
Results and Discussion
3.1Structural Aspects of the Perovskite Powders via the Transformation of Polycrystalline
BC
The hydrothermal treatments of BC plates are focused on evaluating the effect of reaction interval and temperature on the reaction rates, crystallinity, and morphology; however, in all of the experiments conducted, the transformation led to the crystallization of a single perovskitestructured phase (SrTiO3). In this set of experiments, the formation of SrTiO3 proceeded by a gradual dissolution of both the BC plate and the Ti-gel precursors in the KOH solution, and we observed after the treatments that the reaction was uncomplete leaving unreacted precursors at the bottom of the reactor. The powders obtained as the main reaction product were separated from the partially reacted products (BC plate and Ti-gel) on all of the experiments where the reaction did not conclude, and the SrTiO3 particles were well-cleaned prior the EDX compositional analyses. Table 1 summarizes a selection of various experimental conditions and details of the lattice parameters of the precipitate phase (SrTiO3), and the presence of the remaining precursor compounds is included in Table 1 , for the experiments conducted at low temperature and short reaction intervals. a Partially reacted precursors found at the bottom of the autoclave after the hydrothermal treatment; these were separated gravimetrically from the primary reaction product SrTiO3 In addition, the content of Sr and Ti in the newly SrTiO3 powders measured by punctual electron microprobe X-ray energy-dispersive spectroscopy (EDX) analyses are given also in Table 1 Interestingly, the typical EDX spectra of SrTiO3 powders hydrothermally crystallized by the complete conversion of BC plates at 250 °C for 24 h showed no detectable levels of impurities incorporated in the perovskite crystalline structure, such as barium, sulfur, or potassium (see Figure 3 ). This compositional analysis also confirmed that Ba 2+ ions were not incorporated in the structure of the SrTiO3 particles during the synthesis process. Therefore, this result indicates that Ba 2+ ions were gradually hydrolyzed in the hydrothermal media as the reaction progressed and remained in solution. the gradual massive dissolution of the BC plate occurring under hydrothermal conditions provoked the release of Ba, and this element was simultaneously hydrolyzed in the hydrothermal media. A total Ba fraction of x = 0.98 was obtained after 96 h of conversion, and this value corresponds to a Ba content of 1λ.1 wt %, which is similar to the initial Ba content (1λ.52 wt %). SEM images from products of the hydrothermal synthesis at a fixed time of reaction of 96 h and at various temperatures are shown in Figure 6 . Generally, when the treatment was carried out at low temperature (150 °C), the presence of cubic-shaped particles with a bimodal size di stribution was observed. The occurrence of large particles (1.5-4.5 m in size) seems to be low, while the small SrTiO3 particles (0.5-1.0 m) are abundant (see Figure 6a) . Increasing the temperature up to 200 °C led to the formation of cubic and a few star-shaped particles with an apparent homogeneous particle size distribution in the range of 1.2-6.5 m (see Figure 6b) . At this temperature, evidence of particle growth was not observed; however, when increasing the temperature to 250 °C, a remarkable crystal growth of the SrTiO 3 particles was observed, reaching up to 6 m in size (Figure 6c ). These particles formed large bulky agglomerates (20 m average size) provoked by a faceted growth process. The randomly distributed faceted SrTiO3 particles grew on those particle surfaces with a low surface tension, such as flat, smooth, and angular surfaces, (40) and occurred in the process investigated as suggested in Figure 5c . Variations on the particle morphology and size observed during the synthesis of SrTiO3 are in good agreement with those previously reported for the hydrothermal preparation of BaTiO3 (38) and SrTiO3(30) particles. Based in our results, we infer that the peculiar particle coarsening observed for longer reaction times and at higher temperatures may be promoted by intermediate dissolution-recrystallization of euhedral-like particles (dendritic and irregular) and the regular particles (cubic and star-shaped) obtained for early stages and temperatures below 200 °C, respectively. The marked SrTiO3 particle growth was achieved by coarsening, following the Ostwald ripening mechanism(39) coupled with faceted particle growth. (40) This is supported by the fact that only a small fraction of fine particles remained at the treatments performed at temperatures above 200 °C.
3.4BC Polycrystalline Plate Single-Step Hydrothermal Conversion Pathway into SrTiO3
The present results provide the first evidence regarding the feasibility of producing strontium titanate (SrTiO3) using BC feedstock. The system, consisting of BC mineral and the Ti-gel, reacted to synthesize SrTiO3 in alkaline media. This system is analogous to that for the formation of SrTiO3 using only celestite, in which the mechanism of formation of the SrTiO3 is achieved with the dissolution of celestite. (30) Therefore, we surmise that the formation of SrTiO3 from the conversion of the BC plate occurred according to the chemical reaction described by reaction 4, but this chemical equilibrium resulted from the simultaneous dissolution of the solid phases that is described by the chemical reactions given in reactions 2 and 3. The present transformation mechanism is different from that proposed for various single-step chemical reactions applied to prepare strontium and barium inorganic compounds using SrSO4 (28, 30) and BaSO4(41) in highly concentrated alkaline hydrothermal media.
The reaction pathway associated with the synthesis of SrTiO3 via the hydrothermal conversion of BC crystal plates was derived from SEM observations (see Figure 7) . The SEM observation conducted on the raw BC polycrystalline plate shows a clear boundary between the two composing phases Sr0.75Ba0.25SO4 and Sr0.97Ba0.03SO4 (see Figure 7a) . One of the BC plate cross section was exposed to the hydrothermal media, to ensure that both phases were in contact with
the alkaline media during the chemical reaction; this involved embedding the BC plate into the Tigel at the bottom of the autoclave. Visual observations indicated that the consumption of the BC crystal proceeded locally on the exposed surface and on those embedded into the Ti-gel.
However, a heterogeneous dissolution was determined by the SEM observation of the partially reacted BC plate, indicating that the two initial solid phases had different chemical reactivities in the alkaline media. The partially reacted BC plate at 250 °C for 6 h consisted of aggregated euhedral crystals with an average size of 200 m (see Figure 7b ). Some small particles (100 m average size) embedded in the euhedral crystals were also visible; the irregular bright areas were subjected to a severe corrosion process, as suggested by the eat pitch produced on their surfaces (Figure 7b ). These observations slightly differ with the reaction pathway associated with the synthesis of SrTiO3 using celestite crystals in 5 and 10 M NaOH.(30) respectively; however, the dissolution rate was slowed slightly for reaction intervals over 48 h. The full consumption of the BC plate ( = 1) was achieved only for the longest reaction interval (96 h) at a temperature of 250 °C (see Figure 10a ). The first-order kinetics model (−ln(1 -) = kt) accurately fit the data (R 2 = 0.95-0.97; see Figure   10b ), in contrast to other models tested, such as the second-order F2 and Jander's mathematical
diffusion)(32) that yielded lower R 2 values. Also, both the Johnson-Mehl-Avrami model (16, 38) and the new mathematical function derived from population balance approaches(42) were used to fit the present kinetic experimental data. However, these models led to lower R 2 values, indicating that the mechanism associated with each model does not apply to the current singlestep transformation of SrTiO3 particles. The constant rates were used to calculate the activation energy (Ea) required for the conversion of BC polycrystalline plates into SrTiO3 powders. The Ea value obtained from the Arrhenius plot equation was 26.33 kJ mol -1 (see Figure 10c) ; this value indicates that the one-step mechanism rate was controlled by the dissolution process at the solid/liquid interface, triggering the synthesis of SrTiO3. The Ea value associated with the BC plate transformation to SrTiO3 particles is similar to those analogues of the single-step mineral hydrothermal conversion systems. In particular, celestite ore was employed as feedstock to synthesize SrTiO3 (27.9 kJ mol -1 ), (30) and SrWO4 SrWO4 (27.2 kJ mol −1 )(43) particles, under similar hydrothermal conditions used to treat the BC crystals. Furthermore, it has been reported that mechanical stirring may increase the rate of the conversion reaction, according to the results obtained in the transformation of SrSO4 into SrWO4 (18.3 kJ mol -1 ), (44) was determined in recent research that was conducted by some of the current authors. (44) One must emphasize that the barite-celestite mineral has a low commercial value, because of the high barium and calcium contents, which are present as major impurities. Currently, this mineral is only used to adjust the total barium content established for marketing by mixing it with SrSO4. Based on the present results, barite-celestite mineral has a great potential as a low-value mineral feedstock to the straightforward preparation of new functional oxide compounds (i.e., SrTiO3). The transformation proceeds via a single-step chemical reaction under mild hydrothermal alkaline conditions. The process is economically attractive, in terms of the energy consumption, which is supported by the low activation energy required to achieve the transformation. Further experiments would be required to evaluate the treatment of the primary waste (a K2SO4-KOH solution) to reduce the potential harm of this effluent to the environment; one economically way to dispose of this solution would involve an acid neutralization coupled with the liquid evaporation to K2SO4, which can be used as fertilizer.
Conclusions
Barite-celestite (BC) mineral exhibits appropriate chemical reactivity to promote the synthesis of coarsening mechanism, coupled with a faceted growth process, producing agglomerates with an average size of 20 m. This mechanism is achieved through a secondary reaction involving a SrTiO3 dissolution-recrystallization process that occurs at >200 °C over a period of 48 h. Overall, the transformation is a low-energy (26.33 kJ mol -1 ) process which is economically attractive to produce a functional material that is widely used in the electronics industry.
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